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REPORT NO. 99

ASPlatou/JSternterg/>f
Aperdeen Proving Grouni, Md.
Senvexmter 1956

THE MAGNUS CHARACTERISTICS OF A 30 MM AIRCRAFT SULLET )

ABSTRACT
Magnus and pitch plane data at Me. = 1.5 to 2.5 have been obtained
on a small fineness ratio (f/d = 3) body of revolution. Data have been
obtained at angles of attack up %o LOO under turbulent boundary layer
conditions. The Magnus data are non-.inear with spin ani with ingle of
attack ana the Magnus force at most spin conditionc ic negntive in the

low angle of attack region.
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Magius force and pitching moment izte have neen chtalned cn 2 model
By

of a 0mm sircreft tullet in the Ms. enge of 1.9 0 2.5. These

O ¥
fi
<
®
)
)

data cover engles cf zttack up 0 U7 and spin retes up 0 <5,000 =PM
whick include the spir rates of the prototype. Tze Magnus Jcrce anid
aomern?t are non-lineer with spin end with azngle of zttack znd are nege-
tive in the low angle of szttuck renge. The Megnus center of pressure
is located on the rear portiom cf the ~onfigarstioe for 2il o;’ the
conditiona vhere it could be accurately measured. Toe normal force

and pitching moment are only very slightily Jependent on spin.
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TABLE OF SYMBOLS

Alr Cuarr _ceristics

a = speed of sound

'J8 = Bullet muzzl~ veloci-y with respect t0 gun
Ua = Bull =locity "sith respect to air

Uts = Test section velocity

Po = Stegnation pressure

P, = Test section static pressure
T = Stagnation temperature

q = Dynamic pressure = 1 Ui

p ts

o = Density of air

Viscosity of air

h
]

Ma = Mach number

Re. = Reynolds No. = eud
i
Model and Balance Dimensions and Constants

D = Prototype body diameter
d = Model body diameter

C.G.= Center of gravity = 1.32 cal. from the base

Angles
a = Angle of attack

= Gun taverse angle

w = Bullet spin rate rad./sec {plus is clockwise looking upstream)
v =wd = non-dimensional spin rad/cal. (with respect to gun)
g ﬁ;‘
v, =d = non-dimensional spin rad/cal. (with respect to air)
8)
a

(@9
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TABLE CF SYMBOLS (Cont'd)

Moments
X = liormal Zorce coefficien:
U d
p 18
. = Pitching moment coefficient (&bout C.G.)
. Utsz -
F = Megnus force coefficient (plus i{s to left
2 2 il i re )
U*s &/ wd looking upstream)
Uts
T = Magnus zoment coefficient (about C.G.)
U _° aYwa
p ts T (plus is plus force shead of the C.G.)
ts
TL % = Ballistics Magnu; moment
) i(wd} coefficient (o in radians)
p ts T in a
ts
Qk’I’ at small a
ax

£
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INTRODUCTICN

The use of spin stabilized bullets for the tail defense of very high
speed bombers introduces new problems in the predi.*‘on of the bullet
trajectories. In generel, <he tulle: {s %0 be launchei from the gun al
some angle to the flight path of the plane, &nd since the speed of the
plane and the muzzle velocity cf the gun are comparable, the bullet may
start its flight at large angles of yas. For a 3Iy,;’cal bullet shown in
rig. 3, initial yaw angles over Lo° may te attained; further the sube
sequent motion may result in even nigher yaw angles near the gun muzzle.
To aid in predicting the bullet <rajectories at these angles of attack
a considerable amount of aerodyr.amic irfcrmation for the bullet must be
obtained.

It is well known that spin affects the aserodynamic forces on a body
of revolution. Besides possible effects on the normal and drag forces
the spin can generate an entirely new force, called the Magnus force,
which acts in a direction perpendicular to the axis of the body and per-
pendicular to the angle of attack plane. It is also known that at small
angles of attack the Magnus moment is often of great importance ir
determining the dynamic stability of projectiles and it seems reasonable
to expect the Magnus moment to be also of importance at large saugles of
attack. In order to obtain knowledge of the Magnus forces at bcth large
and small angles of attack, the instrumentation and test p.ocedure cdescribded
in this report have be=>n developed.

We have been able to cover only a portion of the angle of attack -
Mach number range shown in Fig. 1. At the lower supersonic Mach numbers
the tunnel walls Interfere with the flow about the model especially at
the larger angles r* ittack, so we limited the tests to Mach numbers of
1.57, 2.0, and 2.47. Tests could have been performed at iower supersonic
Mach numbers if we had a reduced model diameter. Fowever, since the
bullet is only 3 calibers long, a model ciameter significantly less than
thé diameter -hosen (2") would have forced us to place the strain gage

balance downstream of the model, thereby reducing the accuracy of the
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measurements. The circled points in Fig. 1 indicate the maximm angle
of attack conditions at wvhich reliable data have been obtained. Fig. 2
indicates the test Reynolds numbers compared to the free flight Reynolds
numbexs.

The wind tunnel model must produce tie same rnon-dimensional spin
(red/csl. of forward travel) as the prototype in free flight. Since
the prototype always leaves the gun wit: the same spin (vg), the ipitial
non-diaensional spin (*.'s i{s only dependent on the resultant velocity of
the bullet, hence

»18
*
oI

Fig. 1 shows the values of Vo vhich are required for the 30mm bullet
for which v - .28, The model spin rates (rad./sec) are
©=v, Ut. .
T
This corresponds to spin rates up to 45,000 RPM for the 2 inch diameter
model tested at Mach No. 1.57. At Mach No. 2.47 the same model must
spin at 36,000 RPN.

II EXPERIMENTAL PROCEDURE
A. The Model and Instrumentation

The two inch diameter model of the 30mm aircraft bullet is shown
in Fig. 3. All external dimensions are proportionately scaled from the
prototype except for the grooves in the rotating band. The model grooves
are of the proper vwidth, depth, and cant, however the "slurring over”,
Fig. 4, vhich is created on ocne side of the groove as the prototype moves
in the gun barrel, is not duplicated. The "slurring over" would Lc d1ffi-
cult to duplicate and its effect on the Magnus data is probadbly small com-
pared to the effect of the grooves themselves.

12
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The air motor is an integral part of the moiel, the model forming
the outside surface of the revclving pertion of =ne moto-~. Tais ps-tion
of the motor is mounted on the tearirg cu%és races as ShOWD 14 [i2. o,
The inner racee of tie bearing are moun<: o a cylimaer wkiza tn wu~n
is mounted on the upstream eri of *=e mOI-_. =*-aln gage dalsz = an:
supporting strut. The model is ro%ate: ty an xpulse al> tu-dire wvizn
the turbine buckets Teing mounvte: i *-- w326l tz23e 20t ~he eir nozzlas,
of vhich there are fcur, teing mounte~: jus> upstreax c<f the -utzets on
the supporting strut., An axial Zol- 1-ille: ir <=e oupporting sTrut
serves as a paseage for “Xhe higr prissuce a'-~ TS tae nouzlee: 8t Tre
usual test conaitions tae flow out of trs nounziesd sZvu.d De appraximately
Mach number 4. Since the rozzle air i:c exv-austed into the tunnel, dry
air from the wind tunnel s=orage sp-ere s ucen as “he high pressure

gource.

For these tests sufficient power to operate the mntor easily was
obtained by 1s8ing a supply pressure of 175 psi. Under the test conditioms
the motor has a starting torque of 1.2 in. lbs. and develops .5 HP at
45,000 RPM. TLe acceleration time f-om O to 45,000 RPM is approximately
30 sec.

A spring is used to preload the bearings so that the bearings are
subjected to a thrust at all times. Tre preload appears to conflze <he
ball rotation to one axis, because a track is werm into the ball surface
af ter several thousand revolutione, Fig. 6. A thermocouple is mounsza
near the forward end of the strut so tzat the temperature rise of +ke
strut can be measured when the mocel 1: spun. While breaking 1n a se®
of bearings, the appearance of a well worn track is indicated by a
leveling off or decrease in the tempe-ature Of the forward end of tze
strut. After several minutes of ~uan’zg 3% low spredis the temperature
stops rising and may in tre case of ar extremely gooc tearing s%tart
decreasing. DBearings are broken in -v measuoing The strut Temperature at
10,000 and 20,000 RPM and no tearinge -°= ~um &t -ig-e> zpeeds until nd

temperature increase is obtsainei sy ~oe 1o, speecs, .f the preloal s
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removed from the bearing, the bearing talls will -eorient *Yemeclives and

a rebreaking in one of t"e bearings is neceggary.

Mearuremer.t oOf <hée texmperztur-e ¢f *re fo~ward ez

L of the strul L
also necessary during the Wwmnel vestsy foro 1t inticetes the conditlios
of the bearings during any cne spiz pe-20i, 1f L'z tempe-atl. e rlge

becomes excessive or 1f tre tempera‘urte 3f e s°-ut -tesg ah0Ve 1507 e
the bearirgs are rineei -n a ~lear g~lvszt an: -sg-egseé Tre 150 cegreoe

-0

~ - - -

F limit was founz 5 be Just Lnder the tempecatiice at whick freesing of

the bearinge might occur.

TWwo permarent magRE“s ave MUrtel req- tre tace fF o

D

nodel (see
Fig. 5). As the model =5%a%es, *-¢ magre'ic fiel: gene-stes 3 cyu-ren*
in a coil meunted on the stationary st—utl. Usling suitable circultry,
the resuitant coil signal 1s convertei 1ntd> a signal propor-ticnal to the
RPM of the mcdel.

Dynamic balancing of *'= moiel ls acccaplicshed using a sensiti
balancing rig which determines the location and amount of metal to be
removed from bcth the nose ani tail of tie model. The balancing reduces
the wear on tke bearings especilally at r<sonant speeds and reduces the
strain gage signal oscillations at resonant speeds., Necessarily, readings
are nct taken near the resonent points.

In practice, the strain gage hinge lines were not positioned exac:ly
as desired. The angles and lengths, which are reedei *o sor*t out the
pitching 1 yawing moments, are measurel by means of a static calibra-
tion described in Appendix I. The desirei moments could then be deter-
mired by solving a set of four simultaneous equations. As will be noted
later, however it was possidble %0 coneicderably simplify *re reductior

procedure.

Temperature compenssation of e st-air gage “~Lliges wacs accom-
plished by varying the -~esictar-e of one of t*e bridge legs uztil the

bridge indicated no unbalancs whem ¢ e ‘experatu~ ~f ¢re Team was

CONFIDENTIAL
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changed. During <est, temperature non-unifcrmity ¢f <he team -~ausei ty
neat from the tearings might still cause trcuble, sc &5 & checz, the
tridge unbalance was observed as <le nciel spin varled from 35,700 =PM

w0 0 vnder no flow conditions. Nc o

e

at resonant zpeeds, 50 the zetloi c¢f -experature compensaticrn vas con-

sidered satisfactory.

The model was tested con Twe Iifferent support systems. The power
lead lengtks for each of these installaticns iiffered, and it was
necessary to correct the tridge sensitivity for the cifferences in

the power lead resistances.

E. VModel Support and Tunnel Interference

Comparisons of wind tunnel tase pressures witkh free flight tase
pressures on the same model at the same test conditions have snown that
if thke wind tunnel support system is made small erough, the tunnel and
free flight measurements are in reasonable agreement. Howvever, in most
cases, the model loads are too large to allow the use of & support systexm
vhich does not change the wake flow. On a cylindrical body at small
angles of attack, with a convergent wake, the change in the upstream
flow is of negligible importance. If the support system interference
is large enough to cdiverge tLe wake flov the resultant shock wave =zt
thke model base may cause separation of the boundary layer or the =cdéel
surface. It would then be possible for the suppcrt system to affect
the flow over an extensive regicn of the tody. 1I7 this separetizrn does
not occur, ther measurements of the model fcrces, witk the excepticn of

the base force should be valid.

As long as tkte flow relative tCc tze model surfsce is supersonic,
the Magnus force and maoment measurements should be free cf suppcrt inter-
ference. Whken the flow s supersoni: relative %0 the model, shock waves
arising from the irregularities of <he moiel surface near *re btase, are
clearly visitle in the Schlieren phoicgrapre. Fig. 7 shows *the zodel at

an angle of attack where the flow is everywhere supersonic. In Fig. 3

CONFIDENTIAL
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the {low separates on the top sice of the moiel near the nose ani there

is a very extensive subesonic wake. As will D& iescrited telow “he pheto-
graphic observatlicons were supplemented with no-mal force ana
FOMEnt MEASUreMmENtTs on & NIne-rstating miiel., As -2ulil te expectes, tre

development cf an extensive wake Tauses lLartge ~cranges in the model forces.

2
3 = . - - s - X ~ -
A limited series of meusureTerss were me e =t Mg = ., : = 10, and
o
207 to confirm the supposition timt ~le Magr f es wvould ¢ independient
"’ & - - -
of the wake flicw e weke flow was aleres Wiacing -iage n he

strut Just aft of tie mouel bage and Langes Ln Lhe Magnus force were

found.

Ihe tests Of the varicus suppor: conflguratlons were made Dy measuring
the normal force and pii~ohiing WOMEDT on 4 non-spinning model. Magnus force
measurements on & spinning molel Witk a series of dlfferent struts
have been very time-cchnsuming and ex]ens.ve Lowevey . was possible that
the non-spinning <esis might nst be satlisfactory. The model spin alters
the boundary layer con the =milel in a compllicsied way, ani 1t is possible
that the alterec boundary layer might te more susceptible to separation

than the bouniary layer cn the aon-sprinning model. However, in the lat-
ter care, the normal force or pitching moment should have been signifi-

cantly affecvted by the model spin; all o0f the test data indicated a

negligitvle influence of spin cn the pltch plane forces

At large yaw angles, tre directicon of the wake exics is intermedisate
between the strut axis and The {-ee siream flow direction, We thought
that the strut interference mighit be minimised Lf the etrut &xis ciin-
cided with the wake axis, decause then the initlal portion of the strut
would be in & low speed fliow and the pressure changee produced by ithe
strut would be relalively small., Fig. G snove the strut arrangement
that was used (0 vary The angle vetween The stout axis and the acdel

= ') .o I FIRIP 3 - - : g !
axis. Fig., 10 shows now thmse Aifferent strute wele e ted ~re

o
o
+
(o
w
'®)
3
m
.
n
.
7
R
.
)
P
y
.
t
n
0
]
*

tunnel angle <
sagle of attack range with a series of Aiffersy 5 The Schllere;
a

plctures suggest -
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support system other than the struv &t the model tase. In perticular,
e

interference from the dowmstream portvion of <h

- s r oY e v - Vo 2 .
connecting the struyt to the sngle of stieck system probebly had =6 auch
e : 3 xy s AL - _—
or more Lo do with the resultant fiow &5 the sngle betweern The strun
. \ g
. - . P i ~ I A
Enc @mOQel EX1S. e TOUYr SChRLIETET :-41-:.4:5- :'-;:::' :.’E' il ) Bx & = &I y
v’ ¥ - - b «Y 4 d = b - 4 & e d P -
= 1,57, & well &8 The peculler rise in the pitching moment curve
1 c - b # = =2 34 = 3 &
near that angle of stteck, (see Pig. 17, lmndlicane the development of
] % -y L -~ & - 4 - 24 &8 n & P S 4 &
large wakes =zlthouzh the degree of separetion 4iffered for the different
=
.- < B e O = . ] .o < = : = 3 %
struts., With the B = C strut, there was 2 reflected shock ‘rom the
A X4 4 - 4 - o ap Y N - o'm > < - < y - h? k- %
Mech intersection near e well, which intersectzd the wake & Little ower
.4
- - 2.\-

one model diemeter from the base, With the B = 3 strut, the reflected

. opm - Pee 2 -
shock struck the wake much further dowmstrea=z =n

4 3 F? e e 3 =i 5 o - - B e = e
wion sppeared s te much reduced. Fig. 1z coows the same four strut oon-
%
4 <4 - - K - S XS 4= h] < - ¥ ¥ %
Tigaretions st o = 307 at M = 1.57. At this sangle of stilack both th
L-

lieren photographs snd the pitch plene date indlicated interference
ree results. As. at. o = 30 , the reflected shock systes for 5 = 0
strut izntersected the wake closer te the model Tase than the reflected
shock for the ot struts; however the refliscied shock was 33iil 2 1/2

model ‘Siemeters froz the base,

, we felt there was little t0 chceose tetwee:n

Lha Fa imA
iLe presumplive eviience :izndicetes

- T T - - Bl S e 5 e P e
- v Uere was some eSeR= IO &ll G ol cenIlgeratllh
o~ o
b o nd - V7 it + M 2 te V2 B NG L1
~ — ~ b = M = —
above O = = ac o = - &1L M= .U, AT W Zesi, O
-~

4 oo ~s P ~ ) e N aA = > st aam e < PR ~r o
Imum (@ reguirec wes Only o a0 TARE Sty 1nerierence wWas mCt 2

3 T ki Sl & ki st e e s T ™ ] ot e e B oam kY Pk 1
oT0o4iem. iF Wiesnd Of SHEeee TEeRU_N5, & CORXLEl SErux WEE usee O E4L

of the messurements.

) ) < A | EARTS - - - - - . o a - d AN - - -
While the main o2 jective ©f tThese Tsste was U0 obtsein Megnus dat

-

- .- = -- - < < & - o . -4
gt lerge yew, we haed = sirong interest in odtaEining sccursve date &t
i ! * You - @ Y- § a4 il 2 2 5 s ¥ P v e 2
smalil yew. Unfcoriunetely, “he precision we desired &3 szmall yaw cculil

not te schieved using the tunnel angie 2f sitesck systez, The suppers

system geflects emsily in The horigzontel plame amdé fursher, the
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attachment of the strut support to the guiding crescent is imperfect, and

q small amount of inelestic movement is possible. Careful measurements

showed that the uncerzainty in yaw angle due o the existing side-play

wves not particularly important. Fowever, when tested the »oiel ocscillated
a small amount in the noriscntel plane with an irregularly verving smpli-
tude. The resultant oscillation of ine yawing moments greatly Jcer

the accuracy cf the messurements. 7o provide & morqe rigid suppors for

the moiel, a door @mount 'see Flg, 1f 88 UFfed 2t sll of the Mech uge
bers. (See Figs. 1%-19); It wee sLlll necescery, ncwever, L0 maKe some
experiments at small ya~ willl tLe Tunnel angle oI atlack systez. The door
mount does not nave a window for Scrlierern osservesion erd flsw Ccheerve-

tions were needed *t0 clarify some > the inltial resuli<s.

Normal force anc pitching mcment measurements obteiineg usinz th
door mount are also shown in Figs. 13-1°Z. low izterfererce appears to

0O, The angle cf

o

occur at @ = 25° at M = 1.07 and az o= %4° at M =
attack on the dpor mount was changed Dy sxternelly rotating & diek; <he
swept back double wedge suppor: nhiolding “he model strutl was connected %o
the disk. As the model angle of attack was increased, the angle of attack
of tle support also increased. Furizer, 17 simultaneously movec close to
the floor of the tunnel. We belleve that the resultant streng shock system

caused flow separation on the moi3el. A special model strus has now veen

~
A

fabricated wnich is bent 227 at ti2 model vase, With +this new stru*t the
support system flow disturbances should te greatly reducec and i1 saould
be possible tc use thie door acurt over the eniire angie o attack range,

if desired. Actually at large yaw, since tlhe measurszd forces are larger,

the scatter introduced by tze oscillaticns of tle mocel mourtei on the

-

tunnel angle of attack system are not Imporiauv.

C. Reduction of Test Dzt

ﬂl

La
Because of imperiections in toz= tunnel Tlow anc imperfect sligwment

and/or tracking of the anglie of attack systems tnat were used, the re-

sultant angie of attack cf toe model witn respect o She alrsiresm is, in

generai, not in a vertical plane tirough the tunzel axis. Therefore, the
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- D s asts e



- d . - ‘ - ™. ) ~ & %N - ) * v b
yawing moment at no spin will not be zerc wdé will vary with the model angle
o v K] cad h] . od o~ -
of attack. In eddition, there will be an spperent yewing moment tecszuse the
g v - re mie-y 14 rpn aw 2ot pu l 3 2mA dwn ek wlan ar
ja. - -.me..u ..atobe -‘Alev > 94 --O p&ru e‘ i mee ...e - ‘e ‘el o
3 Teiyed 1 s & v ~ ~ A b R
ttack. During installaticn of the model ia the tumne]l en edjustment of i

: : . : . ot e 5
belance roll a&ngle i¢ mede 0 limit, &6 far a2 is practicable, these no spin

3 - P 3 -~ 9 - Var ecod = - - o~ p: i
if the pitch plane forces chenged substantially with spin, the angle of stteck
might vary significently with spin. Fortunately, ss was noted previously, the

piteh plane forces were precticelly inveri spin (Fig. 17-13).
Similarly, the Magnus forces themselve:s «will deflec. the support system in the
horizontel plene thereoy chenging the dire

Hence there will be yawing moments due to the inclinetion of the normsl force
wector which have 10 be subiracted Trom Thae totzl yawing moments %o ovtain the

Megrus moments themselves,

Strut ceflection constants were ovteined for verticel and horizontal loads.
The pitch plane constents were used to correct the vertical component of the
angle of attack and the lateral constanis wWere usei to deterzmine the yswing
moment cue %0 the inclinetion of the normel force vector. The Magnus Jorce
in these tests was zlways smell so that the change in tae lateral component
of the angle of attzck ceused by the Magnus fcrce was always small (.Cl degrees
‘~85 the maxizum deflection computeé). EKence the apparent Magnus force cue :C

e

the inclirnation of the normal Jorce vector can e shown to o

AN = X

vhere A8 is the change in tae laterzl component of .

The resulting error in thé Magnues force is within the experimental accurecy

£
[N
o
t
[ o

ani therefore was not incluie
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The normal force contribution w0 the measwed yewing moment wes computed

$ ~ & 2k ® - R py ey P
in several criticil cases and was found to bhe negliglble., As e resylt, it wes

- -

- b 1)

3 ] [} ~ - o~ n -
possible to deterii.ne the Megnus date Ly simply subtractiing “he yewing moment
= A = S b £ g+
ut zeyo spin for sach angle of atieck.
o o
iX ESULT

m .® - .oz z - -

The Tlrst experimertis were JNile = 2,0 2%t small sngles of stteck an
very curicus resulie w&re ooialing = - e Gk > reyeated
consistently et wariocus spin rates 1T LheE zexoe spl AWiNng MmOBmanT was

. - -~ a3 e . e
different almost s2very iime ihe modlsl s.0pped The spread in e z2rQ spin
4 - . v e es - 9 b ne e A - o ~ 5 < - o g o
yaving moment values was OO .Large S0 discegarc en compered Wl awing
momen4- v 4 ti e er-,e. .pd Jo" AT g s Y = - - e ’ o
¢ variations ouservel wiLa Clanggs 111 ST Ieve. Als e Magnus force

. ] ¥ 2 vod w1 & % D= 25 2

saried nonelinesrly with spin andéd extrapoiaiion 97 The date to zerc spinm
ST D . T -~ s - ES i .~ N e i - -

appeared hazardous. It was socr found 44T The yawing moment was & single

valued function of the roll angle st which the model nappened 0 stop during
each test. Shedowgrmphs of the model (see Flg. <0, &% different roll angles
suggested that the boundsary layer Transitlon on the model surface ves largely
controlled by smell imperfecticne cf the model surface, since the position

of transition on the top ani bottom elements, 2s shownm in the pholographs, wes
different for different roll angles. ZIven i1 the model were perfecily made
and at zero angle of attack, it

occur at the same axial position all arouni tze model tecsause of the influ
ence of non-unifecrmities in the tunnel flow, Dut Iin the letler case, the
transition pattern would have remainei fixed with rzspect t¢ the tunne
coordinates ané so would not zave baen Irourlesome. A dlfference in the

axlal position of the boundary layer Cransition around the model implied e
difference in boundary layer displacement tnicxness at downstiream axial
stetions. The "effective" body would *her not -2 a% zers 11rs, and there
wouléd be some pitcling and yawing moment on the molel. Suci yawing moments

on this model are probably lerger then thoee Thst would be found on e smeothiy

contoured model because =f the presence of the rotating tend., Plg. 20 shows

that when the boundary layer is laminay ahesd of tThe reteting band thst
boundary layer separation cccurs weil uUpsiream of the rotatifg bend,
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w.th angle of attack and that the Magnus force coefflclent reaches = peek
value at about 15 - 20C a. At angles of attack ocelow io, the socurecy of
the center of pressure determination is poor and so it has not been entered
on “he graphs. The data at M = 1,57 and 2.00 =2'so indicate that the Mag-
nus force coefficient aupproaches = constant velue at atout }Oo a. Certainly

-

it is not safe to extrapolate these data <o still larger argles of atteck,

V. CCMPARISON WITZ THEORY

As far as we know, no adecuate theory exists at the trecent time for

redicting the Magnus forces om the model used in these tests. The principal
theoretical work that has beun dcne has teen dirscted towerds caliculsating
the Magnus force: at smell angles of attack, with lamnar toundary layers,
on very simple body shapes. It is found that the dcundary layer or the model
is altered by the combined elfects of angle of attack and spin. The result-
ing displacement thickness distribution is not symmeirical with respect to
the vertical plane, so that Magnus forces can be prc..uced. Also there may
be a significant force contribution arising from asymmetry of the skin fric-
tion forces. The existing solutions e assume an incompressible flow and
do not account for the actual toundary layer develiopment on the nose. In
addition, because of the disturbance procduced by the rotating band, at Mach
numbers of 1.57 to 2,47, we were not able to test with a laminar boundary
.ayer over the whole mcdel length at any angles of attack.

Figures 22-27 show that at angles of attack less than 5°, the Magnus
force is negative, opposite in sign to the small angle force predicted for
the laminar boundary layer case. The large B.R.L. free flight renge has
also obtained indications of negative Magnus forces (see free flight
comparison seétion) on this con’iguration. However, measurements at the
Naval Ordnance Laboratory on bodies with greater length to diameter ratios
(about 7) do not show negative Magnus forces. This mey be caused ty
different boundary layer conditions or by the larger fineress ratio. As

yet we have been unable to determine the cause of this bernavior.

22
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-ne source of the Magnue forces &t _arge angles of stlilack is probably

entirely different. The normsl ‘orces on non-roteting todirs zre resscn-

ably well described using the i{deeas of H. J. Allen” vwith further refine-
- .y ‘. - - -
ments Ty Xelly . If we epply these ideas 10 the precictlion cf the Megius

force &t lerge zngles of a%tack, we have t0 relate the Magnus force on =
given section of the body to the Magnus fcrce on & spinning cylinder
oriented normal 0 the flow. Tke "norzmal" velcc'ty for eac:k sectisn

ig
e

teken to te the component of the free stream velocity normal =0 the bocdy

exis. urther, the Magnus forces cn the secticns zave to be relsted, nct
to *he stealy state lagnus forces cn a cylirder, Sut rather %o the force
n. & rotating cylinder, impulsively started from rest, before it has
developed the steeliy stav: force. The forces cn forward body secticns
correspond to short iravel distances for the cylirder, <he rearwari D04y
sections to reletively lerge trevel iistances for the cylinder. At eny
engle of attack, the steady state forces may firally be reacheé on th
b0ody if the body is long encugh. Unfortunately, the recuilreé low speed

starting cdata are not aveilable.

Further, the whole picture should change at large free stream Mach
numbers and angles of attack because the lMack rumber component normal o
the axis will approach and may exceed unity. The cevelopment cf Magnus
forces on & cylinder normal to the {low shoull be markedly dependent on
the flow Mach number. At low speeds, the cylinder rotation causes the
point of boundary layer separation to cdiffer on the top and Toitom of
the cylincder. As & result, the vorticitv cof opposite sign shed at the
top andé bottom is not equal ancd there is a net amount of vorticity of
one sign shed in the cylinder weke. As this happens, a circulation of
the opposite sign cevelops zround the cylinder and the pressure dis-
tribution ovar tke whole cyliinder is alterec resulting in & Magnus
force. When the flow is supereonic, unequal vortex shedding in ihe
wake has a much more restrictea field of influence, since 1ts effect

is restricted %o the suhsonic portiom of the Tlew Tleld, except ia s0
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far as it may alter the points of separation of the boundary leyers. The
Magnus force that results is then due %o a change of ,.essure over a small
portion of the cylinder. Furthermore, at low speeds, a relatively large
amount of time is required tc es<tablicsh the a%t:ady state force since time
must be allowed for the developmenzt of ~he startlng vOorTex ani thern s
subsequent movement downstreal. A%t cupe=r30Llc speeds. the rate of approach
to steady state values will cepeni or ihe relatlve izpcortance of the spin
and the wake conditions in detarmining trhe =sparetion points on the
cylinder. If the spin £8 aominant. *hen a stealy state presswse distribu-

tion on the c¢ylinder wculd be reaciel very raplily.

Futhex, most of the =xperiments tze® rave ue=esn performed oa rotating
cylinders have either teen at very lo. Feyanclds numbers or in the transi-
tion region. Data for a turbulent bouncary layer would be more appropriate
for the type of model used in tkhese <ests.

V. FREE FLIGHT COMPARZISCN

This same 30mm shell has been f£ired in the 3L Free Flight jero-
dynamics Range. The normal range reductlon *technique, which is Hased on
the assumption that the forces «nd momerts are lirear witk spin and angle
of attack. would be clearly unsatisfactory in this case. Recently C. H.
Murphy6 has developed a method for deducing the aerodynamic coefficients
from a free flight firing when the ccerficlents are roa-linear with angle
of attack. In its simpler form, he method requires a cubic or quintic
fit to the actual Magnus moment curve. In spite of the fact that the
erperimental curve cannot be readily approximated in this way, Murphy
has analysed the range results and has obtained a Magnus moment curve
which 18 qualitatively similar to the wind tunnel curve. The Magnus
moment reverses sign at about the same angle of attack and alsc reaches
a maximum at a moderately large angle of attack.
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VI. CONCLUSIONS

The following conclusions can be dravn from these data:

l. The normal force and pitching moment &are only slightly cependent
od spin.

2. The Magnus force it non-linear with angle of attack, and at all
excgpt the very high spin rates the force and moment change sign at the
lov angles of attack.

3 The Magnus force and moment do not become linear with spin until =n
angle of attack between 7 1/2° and 15° is reached. The angle of attack
for linearity decreases as the Mach number increases.

4. The Magnus force center of pressure is locatad behind the center of
gravity.

5. The Magnus force and moment decrease as the Mach mmber increases.

6. The Magnus force and moment are negative at small angles of attack
and moderate spin rates. For these data, boimdary layer transition occurred
befare tha base of the ogive.

7. A maximum in Magnus foice and moment was reached between 15-20°a
and the Magnus forces varied little with q near a = 30°. In this larger
angle of attack range, the results appeared to be independent af Reynolds
nymber changes produced by changing the tunnel pressure level by & factor
of 2.

25
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VIII. FIGURES
Configuratior Dimensions and Flight Cheracteristiss
Instrumentation and Support Interfererce Deta
liormal Force vs., 3Spin
The Boundary Layer
The Megnus Datse
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Photograph of 30mm Ajrcraft Bullet Rotating Band Grooven,

Figure 4,
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Figure 8,
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Figure 11. Schlieren Picture of the 30mm Bullet Using a 0° Swept Strut,
o
Ma = ]1,57a = 40,

Figure 11, Schlieren Picture of the 30mm Bullet Using a 10o Swept Strut,
o
Ma =1,57a = 40 .
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Figure 11. Schlieren Picture of the

30mm Bullet Using a 200 Swept Strut,
Ma = 1,57 o = 40°,

Figure 11. Schlieren Picture of the 30mm Bullet Using a 30° Swept Strut,
)
Ma =1.57a = 40,
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Figure 12. Schlieren Picture of the

s 30mm Bullet Using a 20° Swept Strut,
Ma =1,57a= 30 .

Figure 12, Schlieren Pictureoof the 30mm Bullet Usi
Ma =1,57a = 30,

ng a 30° Swept Strut,
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Figure 12, Schlieren Picture of the 30mm Bullet Using a 0° Swept Strut,
o
Ma =1,57a =30,

Figure 12, Schlieren Pictureoof the 30mm Bullet Using a 10° Swept Strut,
Ma = 1,57a = 30,
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.94 x 106.

Figure 21. Illustration of Zero Srift at Re.
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Tre aocments atout the Linge lines produced oy nanging calitration welightis
at each of the six positions shown in ?ig. 28, caz e writlen in terms of i
unknowvn parameters and the data recoried during the celitration /Tetle .
Thie makes 2 total of 2L possible =2gquations of which only 1€ are reguired
Some equations will give identical results while other:zs will give lesz: =accurete
results due to small moments Or the appearance oF co:sines of smell zngice. [

-
} -

16 unknowns are £, X, X, K, X , 2, b, ¢, B, Bay Tws Tas €psr €co fp DA B .

Before applying the caiibration results 0 tse wind tunnel dzta the
calihration direction angies must be converted into the positions of the yeu
and pitc. hinges lines with respect 20 one anotszer. This iz neces:zery for the
hirge line direction angles are Jependent on the rolLl orientatioz: of <hze

balance. The relation Tetween the hinge lines carn Te wriitern =g

08 €, + c0s5 &, co0s ¢

R R B

*Y = 208 ’]F 03 ﬂq - C05 €, 06 €, - T05 T, 305 T

05 P = cOs 8 C06 Ty + 205 75 295 €, v 08 By <05 T,
9

cos 33 CO5 N, - COS 7

-t

21)

ey
W

where ¢F’ 0, and ¥y are essentially the angles betweer the fromt pitch azd
yav hinge lines, the rear pitch and yaw hinge lines and the rozt znié rear

yavr lines respectively.

The direction angles for the test conditions are determinei “rom the tero
spin test data at each angle of attacz. IFor zero spin tte moment eguatiozs

-

become:

KF mF = ZD(,; c0s SF Here B, 3:1«‘ h “"-? are the test sngles

wnile previously tte same symbols <exnote
KR mR . N(XN + a) cos aR the corresponding calitration angies.

(¢]
~

Kf m, = J(XN + ccs Ty

(¢ ]

K m =N(,X,'o

>
- -

+ b) cos Ty

The hinge line relatious 3, Qq, and ¥, can also be writtern in lerms of
the test hinge line direction angles so that ten equartions are zvailatie 0
solve for ten unknowns (e’ .. test hinge line direction angies pius the normel

force and its center of pressure).

Fed
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